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Nanoporous ﬁlmThe triblock copolymers with the majority phase comprising ﬂuorinated polyimide and the minor phase
consisting of poly (e-caprolactone) (PCL) were synthesized through Diels–Alder reaction between PI-
Maleimide and PCL-Furfuryl Amine. The chemical composition and structure of the copolymers were
characterized by nuclear magnetic resonance (NMR), gel permeation chromatography (GPC), and differ-
ential scanning calorimetry (DSC). Films of the copolymers were spined and microphase-separation of the
thin ﬁlm was achieved by solvent annealing in N,N-dimethylformamide (DMF) vapor. The microphase-
separation morphology was investigated by atomic force microscopy (AFM). Based on the microphase-
separation structures, nanoporous ﬂuorinated polyimide ﬁlms were obtained after removal of the PCL
block can removed via a retro-DA (Diels–Alder) reaction using a simple heating and immersing proce-
dure. The nanoporous thin ﬁlm was characterized by Transmission electron microscopy (TEM). The
dielectric property of the nanoporous ﬂuorinated polyimide ﬁlms was investigated. It was found that
the nanopores introduction could effectively reduce the dielectric constant from 2.82 of PI dense ﬁlms
to 2.10 of nanoporous PI ﬁlms.
 2013 The Authors. Published by Elsevier Inc. Open access under CC BY license.1. Introduction
In recent years, with the development of microelectronic de-
vices becoming smaller and lighter, the intermetal dielectric layers
with lower dielectric constant are still demanded in order to re-
duce the signal delays and electrical power loss in new generation
of large scale integrated circuits [1–3]. With a dielectric constant of
about 4.0, the conventional silicon dioxide (SiO2) is not enough to
meet the requirements for the dielectric constants of the near fu-
ture approaching 2.0 [4]. Currently, polyimides have received con-
siderable attention as dielectric and packaging materials in
microelectronics application due to their good mechanical, ther-
mal, chemical resistance, and low dielectric (k) [5,6]. However,
the practical application of conventional polyimide was limited
due to the high dielectric constant. As such, signiﬁcant attention
has been given to prepare polyimide ﬁlms with low dielectric con-
stant. One method is synthesizing perﬂuorinated and partially
ﬂuorinated polyimides which have low dielectric constant because
of the low polarizability of the C–F bond and its hydrophobic char-acter [7,8]. Another promising approach is incorporation of nano-
pore to the polyimide matrix. The incorporating of air, which has
a dielectric constant of about 1, would evidently reduce the aver-
age ﬁlm dielectric constant. There are a lot of approaches reported
to the preparation of porous polyimide ﬁlms including microwave
processing, incorporation of hollow microspheres, and the use of
foaming agents [9,10].
One approach to preparation of porous polyimide ﬁlms with
low-k is based on the thermal degradation of the labile compo-
nents in the A-PI-A type (A representing the labile components) tri-
block copolymers or graft chains in the PI copolymers. For this
method, it is extremely important to remove the labile compound
completely and obtain controllable, uniform, and closed pores. Sev-
eral thermally labile blocks, such as poly(propylene oxide) [9,11],
poly(propyleneglycol) [10,12], and poly(methyl-methacrylate)
[13,14], with aromatic amine termination were used as end-cap-
ping to synthesize the A-PI-A type triblock copolymer. In this
way, various living free-radical polymerization processes including
atom transfer radical polymerization (ATRP) [13,15], reversible
addition-fragmentation chain transfer (RAFT) [16], and thermal
graft copolymerization [17] have been used to prepare the A-PI-A
type triblock copolymer and graft copolymers from polymeric
macroinitiators. In these approach, a better control of pore size
and pore size distribution in nanoporous polyimide ﬁlms can be
attained from the above methods. However, there exists
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Scheme 1. Synthetic strategy for producing cleavable PCL-PI-PCL via the DA reaction between PI-MI and PCL-FA.
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thin ﬁlms prepared in this way, partial collapse of the nanoporous
structure occurs during the removal of thermally labile block due
to its decomposition temperature being close to the glass temper-
ature of the polyimide matrix.
In this paper, an alternative approach to prepare nanoporous
ﬂuorinated polyimide ﬁlms with low dielectric constant was
reported. Initially, we synthesized polyimides possessing
maleimide-terminated groups and PCL-Furfuryl Amine. Then,
PCL-PI-PCL copolyimides were prepared through Diels–Alder reac-
tion between PI-Maleimide and PCL-Furfuryl Amine [18,19]. The
microphase-separation of PCL-PI-PCL was achieved by solvent
annealing in DMF. Based on the microphase-separation structures,
nanoporous PI ﬁlms were obtained after removal of PCL by retro-
DA reaction at low temperature, followed by immersing the ﬁlm
in toluene [20].
2. Experimental section
2.1. Materials
4,40-Hexaﬂuoroisopropylidene (6FDA), 4,40-oxydianiline (ODA),
and epsilon-caprolactone (e-CL) were used as received. Hexane,
toluene, and N,N-dimethylformamide (DMF) was bought from
Tianjin Chemical Reagents Company. DMF was dried with CaH2
for 24 h and freshly distillated before use.2.2. Synthesis of PI-Maleimide (PI-MI)
Typical process for the preparation of PI-Maleimide is shown
as follows: under nitrogen ﬂow, ODA (1.60192 g, 8 mmol) and
6FDA (3.3318 g, 7.5 mmol) were dissolved in 30 ML DMF with
constant stirring. Once a homogeneous solution was obtained,
maleic anhydride (0.09806 g) was added to the solution at room
temperature, yielding the target polyamic acid in 24 h. At this
point, acetic anhydride (7 ML) and pyridine (5 ML) were added
to polyamic acid solution and the mixture was allowed to stir
for 12 h to form chemical imidization. The resulting solution
was slowly poured into a large amount of water, washed in
water/methanol, and dried overnight in vacuum oven at 80 C
to attain the polyimide solid.
PI-Maleimide with different molecular weights was synthesized
in the similar way.
2.3. Synthesis of PCL-Furfuryl Amine (PCL-FA)
The PCL was synthesized by ring-opening polymerizations
(ROP). The e-CL was initialed by furfurylamine with the catalyst
of stannous octoate stirred at 130 C for 24 h. The solution was
poured into a large amount of hexane and was dried under vacuum
at 30 C. The product was the yellowish powder. PCL-FA with var-
ious molecular weights was well controlled by adjusting the mono-
mer to nitroinitiator molar ratio.
Fig. 1. 1H NMR spectra of (a) the PI-MI, (b) the PCL-FA, and (c) the PCL-PI-PCL.
Table 1
The mean molar mass, dielectric constants for PI-MI, PCL-FA and PCL-PI-PCL (P1 and P2) and for homopolymer (PI).
Sample Mna (PI-MI) Mna (PCL-FA) Mna (PCL-PI-PCL) PDI Tgb Charge (PCL) Dielectric constant Porosity
PI 18,861 – – 2.2 297 – 2.82 –
P1 18,861 2187 22,064 1.9 240 0.18 2.45 0.15
P2 18,861 4895 23,021 2.0 238 0.34 2.10 0.32
a The mean molar mass (Mn) was determined from GPC.
b The value for PI-1 was obtained from pristine ﬁlm, and the values for P1 and P2 were obtained from their porous ﬁlms.
38 J. Ju et al. / Journal of Colloid and Interface Science 404 (2013) 36–412.4. Preparation of PCL-PI-PCL copolymer via DA reaction of PI-MI and
PCL-FA
A series of triblock copolymers were synthesized by DA
reaction. A representative example was given: 0.25 g PI-MI wasdissolved in DMF, and after complete dissolution, 0.1298 g PCL-
FA was added into solution and controlled the concentration to
5 wt%. To obtain the DA reaction, the mixture solution was stirred
at 50 C for 24 h.
Fig. 2. GPC traces of (a) the PCL-FA with a Mn, (b) the pristine PI-MI with a Mn the
PCL-FA with a Mn of and (c) the PCL-PI-PCL copolymer by DA reaction of PI-MI and
PCL-FA.
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The PCL-PI-PCL copolymer ﬁlms were obtained by spin coating
on the silicon substrate. Film thickness was controlled by spinning
rate and solution concentration. The spin-coated ﬁlms were placed
in a DMF-saturated chamber at 60 C for 24 h to obtainmicrophase-
separated ﬁlms. The nanoporous ﬁlmwas prepared through remov-
ing the PCL block as follows: Firstly, themicrophase-separated ﬁlms
on the silicon substrate were heated at 110 C for 1 h to induce ret-
ro-DA reaction. Then, the heated thin ﬁlms were immersed in tolu-
ene for 12 h to wash away the solubility phase of PCL.
2.6. Characterization
1H NMR (400 MHz) spectra were performed in DMSO-d6 and
CDCl3 as solvent. The FTIR spectrum was carried out using a Bruker
IFS 66v/s IR spectrophotometer within a range of 4000–400 cm1.Fig. 3. (a) DSC curve of the triblock copolymer and
Fig. 4. (a) AFM height images of the PCL-PI-PCL ﬁlms by spinning aDSC analysis was measured with a Mettler-Toledo instrument (DSC
822e) with a heating or cooling rate of 10 C/min. The sample was
heated to 230 C and kept at this temperature for 5 min and then
cooled to 25 C in the ﬁrst run in order to remove the thermal his-
tories. Gel permeation chromatographic (GPC) analyses were per-
formed using a Waters GPC system. Tetrahydrofuran was used as
an eluent, and the results were calibrated with respect to polysty-
rene standards. Thermogravimetry analysis (Tg) was attained with
STA 449 C TG-DSC thermogravimeter at a heating rate of 10 C/min
in nitrogen atmosphere. Transmission electron microscopy (TEM)
was performed on JEOL JEM 2010 transmission electron micros-
copy. The polymer ﬁlms for TEM on silicon substrates having a
thick layer of oxide were embedded in a 5 wt% HF solution. Then,
these ﬁlms were transferred to a water bath and picked up by a
Cu grid. AFM study was by Nanoscope IIIa multimode atomic force
microscope at the tapping mode. The refractive indices and the
thickness of thin ﬁlm were measured with a variable-angle multi-
wavelength ellipsometer (L116) with wavelengths at 632.8 nm.
The dielectric constant of the ﬁlms was determined using the Max-
well question: e  1.10  n2 where n is the refractive index. The
porosity could be obtained by calculating from refraction index
according to the Lorentz–Lorenz equation as follows:
V ¼ 1 ðn
2
P  1Þðn2PI þ 2Þ
ðn2P þ 2Þðn2PI  1Þ
 
where V is porosity, nP is refraction index of porous ﬁlm, and nPI is
refraction index of pristine ﬁlm.
3. Results and discussion
3.1. Characterization of PI-Maleimide (PI-MI), PCL-Furfuryl Amine
(PCL-FA) and PCL-PI-PCL
Scheme 1 shows the synthetic pathway for PI-MI, PCL-FA, and
PCL-PI-PCL. Polyamides possessing maleimide-terminated groups(b) Tg curve of the triblock copolymer of P1.
nd after annealing in during DMF vapor for (b) P1 and (c) P2.
Fig. 5. IR absorption spectra of copolymers ﬁlms: (A) before treatment and (B) after
treatment.
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Maleimide. The chemical structure of the PI-MI was characterized
by 1H NMR spectroscopy. Fig. 1a shows the 1NMR spectrum of the
PI-MI. The chemical shifts in the range of 7.2–8.2 ppm are attribut-
able to the aromatic protons of PI. Signal characteristics of the end
group in the polyimide precursors are observed at 7.1 ppm. PCL-FA
was synthesized by ROP of e-CL with furfuryl amine as initiator.
Fig. 1b shows the 1NMR spectrum of PCL-FA amine. The spectrum
displaying characteristic peaks at 4.027 ppm for H-a, 2.275 ppm for
H-b, 1.600 ppm for H-c, and 1.358 ppm for H-d conﬁrms successful
PCL polymerization. Table 1 lists the experimentalMn values of the
PI-MI and PI-FA determined by GPC analysis using the Tetrahydro-
furan as the eluent.
The performance of DA reaction was monitored with 1H NMR.
The clear characteristic peak between 5.2 and 5.3 ppm correspond-
ing to the DA adduct is observed in Fig. 1c [21]. TheMn and PDI val-
ues of the PCL-PI-PCL are also calculated through GPC analysis as
shown in Table 1. The experimental Mn,GPC values of the triblock
copolymers are consistent with those obtained from a sum ofMn,GPC
values of the corresponding homopolymers. The GPC traces for the
pristine PI-MI, PCL-FA, and the PCL-PI-PCL copolymer were in Fig. 2.
A clear shift to lower retention time of the trace also indicates suc-
cessful copolymers formation. Although GPC traces conﬁrm a sig-
niﬁcant proportion of the triblock copolymers reformation, a clear
tailing is observed in the curve representing the PCL-PI-PCL, whichFig. 6. TEM image of the nanoporousindicated that unreactive homopolymer PCL-FA could be contained
in block copolymers.
A DSC curve of the PCL-PI-PCL was conducted in Fig. 3a. An
endothermic peak appears at 106 C attributed to the retro-DA
reaction, which proves that PCL-PI-PCL copolymers by DA reaction
could be achieved successfully at 55 C and reveals the feasibility
of the DA adduct between PI-MI and PCL-FA.
Table 1 showed the glass transition temperature measured by
DSC in nitrogen. The pristine PI has a Tg of 297 C. After grafting
with PCL, the Tg of the resultant PCL-PI-PCL triblock copolymer de-
creases with the increasing PCL content. The result can be ex-
plained that the introduction of PCL chains reduces the structural
rigidity of PI and increases the molar free volume of the polymer
[22].
Fig. 3b shows the TG curves of the triblock copolymers. The tri-
block copolymers showed a two-step weight loss behavior. The
ﬁrst and second steps, beginning at 328 and 528 C, were due to
the degradation of the PCL and polyimide blocks, respectively.
Thus, it is impossible to obtain the nanoporous polyimide ﬁlm
via the thermal degradation of PCL moieties because the tempera-
ture degradation of PCL moieties is higher than the glass transition
temperature of polyimide matrix [23].
3.2. The formation of nanoporous ﬁlm via DA reaction
During the last years, considerable progress has been made to
prepare polyimide nanoporous ﬁlms by use of the ABA-type tri-
block copolymers. The triblock copolymers are consisting of the
thermally labile block and the thermally stable matrix block. It is
necessary that thermally labile block can be suffered from uncon-
trollable and quantitative degradation into low molecular weight
products. Furthermore, the decomposition temperature of the
thermally labile block should be obviously lower than the glass
temperature of the polyimide matrix, thus avoiding the collapse
of the nanoporous structure during the removal of labile block.
For the PCL-PI-PCL triblock copolymer, as shown in Fig. 3, the
temperature degradation of PCL is higher than the glass transition
temperature of PI matrix, it is impossible to obtain the nanoporous
polyimide ﬁlm via the simple thermal degradation. However, we
synthesized the triblock copolymer PCL-PI-PCL by DA-reaction,
where PCL can be easily removed by retro-DA reaction.
The AFM image of spin-coated PCL-PI-PCL ﬁlm was shown in
Fig. 4a. It can be seen a featureless morphology was formed. When
the ﬁlm was thermal treated at 110 C to remove PCL blocks by ret-
ro-DA reaction, it is found no porous structures could be observed.
For the directly spin-coated PCL-PI-PCL ﬁlms, there existed nopolyimide ﬁlm (a) P1 and (b) P2.
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separated from PI microdomains, thus not leading to any nanop-
ores after PCL was removed. It is well-known that solvent anneal-
ing as an effective way to control the microdomain orientation and
long-range ordering in block copolymer thin ﬁlms has been exten-
sively studied over the past few years [24,25]. In order to achieve
the microphase-separation, the PCL-PI-PCL ﬁlms were solvent
annealing at a low temperature. Fig. 4b and c indicated the AFM
images for the thin ﬁlm annealed in DMF vapor for 24 h at 60 C.
Clearly, spherical structure was observed for the solvent annealed
thin ﬁlm. Porous polyimide ﬁlms could be prepared by heating the
triblock copolymer at 110 C for 2 h to induce retro-DA reaction,
followed by immerged in toluene for 12 h to remove the PCL com-
pletely. Fig. 5 shows the FTIR spectra of the PCL-PI-PCL copolymer
ﬁlm before and after remove of the PCL. The disappearance of the
absorption band at 2800–3000 cm1, corresponding to characteris-
tic of the alkyl group stretching proved that the PCL component
had already been removed from polyimide thin ﬁlm. TEM image
of the PCL-PI-PCL ﬁlm after heating and washing with toluene is
displayed in Fig. 6. The light areas are the void left behind by the
removal PCL chains. The size of the pores is in the range 20–50 nm.
The dielectric constant of the pristine PI ﬁlm and porous ﬁlms
prepared from P1 and P2 was carried out using an optical method
and calculated with Maxwell question. The dielectric constant of
the pristine PI ﬁlm is 2.82 under ambient conditions. As antici-
pated, all the nanoporous polyimide ﬁlms show lower dielectric
contents. The ﬁlm prepared from P2 shows the lowest value of
2.10 for the sample 32% porosity. The results reveal that the nanop-
ores introduction could effectively reduce the dielectric constant of
polyimide ﬁlms.
4. Conclusions
It was possible to synthesize the PCL-PI-PCL triblock copoly-
mers by Diels–Alder Reaction. The cleavage of PCL-PI-PCL can be
carried out by heating to 110 C in the solid state. In order to
achieve the microphase-separation, the PCL-PI-PCL ﬁlms were sol-
vent annealing at a low temperature. Then, nanoporous ﬂuorinated
PI ﬁlms were readily attained by removal of the PCL block by
applying a simple heating and washing procedure. With the incor-
poration of air gaps, the dielectric constant of thin-ﬁlm polyimide
can be reduced from 2.82 to 2.10. The method described hereenables a more facile preparation process for nanoporous polyim-
ide ﬁlms, in comparison with those from the conventional thermal
treatments at high temperature.
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